Objective: A novel form of food allergy has been described that initially became apparent from IgE reactivity with the drug cetuximab. Ongoing work regarding the etiology, distribution, clinical management, and cellular mechanisms of the IgE response to the oligosaccharide galactose-a-1,3-galactose (a-gal) is reviewed. Data Sources: Brief review of the relevant literature in peer-reviewed journals. Study Selection: Studies on the clinical and immunologic features, pathogenesis, epidemiology, laboratory evaluation, and management of IgE to a-gal are included in this review.
Introduction
The identification of food allergens typically begins, naturally enough, in the consumption of an offending food. However, in some instances, there are cryptic allergens that avoid obvious detection in food; alternatively, an allergic reaction to a medication can be the initial recognition of an allergy to an antigen also contained in food. For example, allergic reactions to bovine-and porcine-derived gelatin are not commonly described. 1e3 However, patients allergic to gelatin must be aware that gelatin is an ingredient of some processed foods, gelatin colloids, and stabilizing agents in some vaccines and thus is a potentially cryptic allergen. 1e9 Eluted when meat is cooked and cooled, gelatin also is present in some confectioneries (eg, marshmallows), food thickeners, dips, glazes, and icing and acts as a fat substitute in yogurt, mayonnaise, and ice cream. 2, 5, 6, 8 Gelatin can be found in sausage coatings and salami and is used to clarify fruit juice and wine. 2, 5, 6 Thus, gelatin can be considered a potential occult food allergen because exposure is ubiquitous. That reactions to topical or oral gelatin can occur is supported by rare case reports of allergic reactions to "hydrolyzed protein" (gelatin) in shampoo, collagen implants, and "catgut" sutures and to gelatin present as a binding agent in tablets, capsules, suppositories, or confectioneries. 2, 5, 6 Another example of a drug allergen that affects patients as a food allergy is the monoclonal antibody (Ab) cetuximab, which is the focus of the remainder of this review. Marketed under the trade name Erbitux (ImClone LLC/, a wholly-owned subsidiary of Eli Lilly and Company, New York, New York, and Bristol-Myers Squibb Company, Princeton, New Jersey), cetuximab is a chimeric epidermal growth factor receptor inhibitor used for the treatment of metastatic colorectal cancer and head and neck cancer that went into clinical use in March 2006. Shortly afterward, it became obvious that hypersensitivity reactions during the first infusion were more common than expected in an area of the southern United States. 10 In some centers, these reactions were occurring in as many as 20% of patients treated. 10 These reactions were generally so severe as to preclude subsequent use of the drug and occasionally proved fatal. 11 Using an assay for cetuximab with the monoclonal Ab bound to an ImmunoCAP, investigations established that the reactions to cetuximab occurred in patients who had preexisting IgE antibodies to the oligosaccharide on the Fab portion of this molecule. 11, 12 Galactose-a-1,3-galactose (a-gal) is present at amino acids 88 and 299 on the Fab portion of the heavy chain. 13 In 14 In contrast, the presence of IgE class Ab to a-gal in a defined area of the United States was initially an enigma. There did not appear to be any consistent relation with pollen, dust mite, fungal, or insect sensitivity. During this period, however, screening sera from an allergy clinic in Virginia identified a group of patients who had IgE to a-gal and a history of anaphylaxis or severe episodes of hives. 15 In several cases, these patients were convinced that their episodes occurred 4 to 5 hours after eating beef or pork. Despite the inherent unlikelihood of an "immediate hypersensitivity" reaction occurring 4 to 5 hours after oral exposure, the rationale for testing was that this oligosaccharide (a-gal) is a blood group substance of nonprimate mammals. 16 In keeping with that, there were strong correlations with IgE Ab to cow's milk, cat, and dog. 12, 15 Moreover, the patients were consistent in saying that they had no problems with chicken, turkey, or fish. Thus, 2 important pieces of data led to the identification of a "new" food allergy: (1) identification of the IgE Ab responsible for reactions to a drug allergen and (2) elucidation of the glycosylation pattern of the drug.
Increasing Clinical Identification
The authors initially published the description of 24 cases of reactions to red meat and subsequently documented the serum IgE Ab levels in 208 cases. 15, 17 Currently they are aware of at least 1,000
cases in Virginia and have estimated that there must be several thousand more affected patients in the United States, because cases of meat-induced, delayed anaphylaxis have been reported in South Carolina, Texas, Georgia, Louisiana, Alabama, Mississippi, Kentucky, Oklahoma, Illinois, West Virginia, and Nebraska. In most instances, the cases that come to the authors' attention are those in which the history has been confirmed by a serum assay for IgE Ab to a-gal. Development of IgE to a-Gal Response
The first clue to what causes or leads to the development of the IgE response to a-gal came from the observation that the area of the initial reactions to cetuximab coincided with the maximum prevalence of Rocky Mountain spotted fever. 25 That observation led to questioning patients about tick bites, serial observations after tick bites, and serologic studies using extracts of ticks to investigate IgE antibodies. Taken together, the results provided strong evidence that bites from the lone star tick, Amblyomma americanum, were a cause of IgE Ab responses to a-gal in the United States. 25 Recent data have suggested an expanding range of A americanum, which is likely to increase the affected population ( Figure 1 ). Interestingly, bites from the lone star tick are often severely pruritic and may persist for weeks. 25 In addition, the authors became aware that Van Studies on the Ab response to A americanum tick bites have examined the specificity of the antibodies and the isotypes involved. Using nuclear magnetic resonance, it has been confirmed that the antibodies are primarily directed at the 2 terminal galactoses. 26 The ongoing IgG Ab response to a-gal, thought to be induced by continuous antigenic stimulation in the gut, is predominantly IgG2. 27 After tick bites, the IgG antibodies increase in parallel with IgE antibodies, but they are predominantly IgG1. 28 It remains unclear at this time whether the "natural" IgG2 Ab response influences the immune response induced by tick bites. In addition, the resulting Ab response (IgG2 vs IgE) likely reflects the route of sensitization (intestinal vs skin) and predicts clinical outcome (tolerance vs allergy). The dichotomous responses may allow the establishment of a model for understanding the mechanisms controlling immune responses leading to oral tolerance, on the one hand, or food allergy, on the other.
Insight into the Control of IgE Responses
The IgE Ab responses are generally considered to be T-cell dependent; however, there is evidence that the switch to IgE production can take place outside organized germinal centers. 29, 30 It is clear that IgE production to a-gal does not occur in humans by merely being exposed to this epitope from gut bacteria or by eating mammalian meat. Thus, it may be that after an "appropriate" tick bite, there is a local switch of B cells currently making antibodies to a-gal over to IgE production. Such a shift could occur in the skin or in the lymph nodes nearby the bite site. The authors recently analyzed the evidence about IgE production and argued that extensive recombination of IgE B cells in the germinal center is not an essential part of the human IgE response. 30 Data using a murine model, however, showed that the production of IgE antibodies requires extensive rearrangement to achieve an affinity relevant to allergic disease. 31 Evidence from human studies stands in contrast to the mouse data. In fact, it has been shown that medium-and low-affinity IgE at high IgE clonality can induce ample complex formation in vitro. 32 A weak T-helper cell type 2 response (eg, lowdose exposure to pollen or mites) fails to induce a mature germinal center. In this situation, activated B cells undergo some somatic mutation and an isotype switch but do not develop into memory cells. 29 The authors argue that the likely route for the switch from
IgM to IgE in this allergy is in keeping with a fading response and occurs outside fully formed germinal centers.
Clinical Diagnosis and Management
Skin testing for IgE to a-gal using beef, pork, or lamb extracts in adult and pediatric patients has been challenging. Many patients have only small reactions (2e5 mm) to these allergens by skin prick testing, and intradermal tests have been used in adults to clarify the intermediate results. 15 The authors have, on occasion, also performed intradermal testing in older teens and these results mirrored those seen in adults. 33 Overall, the authors are more likely to use the in vitro assays and typically reassess IgE to a-gal levels every 8 to 12 months. Certainly one reason to monitor blood levels is that, based on the authors' experience, if patients can avoid subsequent tick bites, the level of a-galespecific IgE tends to decrease over time. In fact, some adult and pediatric patients with this form of allergy have been able to tolerate mammalian meat again after avoiding additional tick bites for 1 to 2 years (Commins and Platts-Mills, unpublished data). Although the authors have performed mammalian meat challenges in adult patients to document the delayed appearance of clinical symptoms, these food challenges have produced significant symptoms beyond what the patient had reported after natural exposure (Figures 2 and 3) . Because of the time course to symptoms, incremental dosing is not possible in the case of delayed reactions to mammalian meat and the entire dose must be given at the start of the challenge. Certainly, there were patients who reported only mild stomach upset or itching, whereas others developed anaphylaxis, complete with an increase in serum tryptase. Variability of the response to antigen during these challenges appears to be in keeping with protein-based food allergies (eg, egg or peanut), in which past reactions are not thought to be fully predictive of future allergic symptoms. Although all positive reactions during the meat challenges have been delayed, there is variation in the time of symptom onset. Some patients note symptoms beginning just within 3 hours after eating mammalian meat, whereas others develop symptoms closer to 6 hours. Interestingly, many patients with IgE to a-gal reported itching as their initial symptom of a food allergic response. Although the authors were aware of this through patient reports in the past, they were not aware of the prominent palmar and plantar pruritus with erythema and often urticaria. Variation also has been noted in the progression of symptoms, with some patients experiencing a much more rapid course once symptoms appeared. Interestingly, the variability of the response, including time of symptom onset, speed of symptom progression, and severity, does not appear to be related to the titer of soluble IgE to a-gal.
Despite the delayed food allergy being related to a soluble IgE response that can be a very high titer and account for 10% to 50% of the total IgE, IgE Ab to a-gal is not associated with rhinitis or asthma. 17, 25 To this end, the authors investigated a large group of patients who presented with delayed symptoms after eating red meat for a history of symptoms, lung function, and evidence of lung inflammation. The results provide compelling evidence that IgE Ab to a-gal does not create a risk for asthma. 17 Thus, although in vitro assays for IgE Ab to cat extract have been consistently positive in patients with IgE to a-gal, this should not be taken as independent concern for worsening allergic rhinitis symptoms or asthma risk.
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Conclusion
The development of IgE Ab to a-gal not only has given rise to a novel form of anaphylaxis but also has provided a model for understanding the ways in which parasites induce IgE responses without creating a risk for inhalant allergic disease. 17 Bites from the lone star tick can cause high-titer IgE Ab to a-gal and major increases in total IgE. 25 Further, these responses often occur in adults older than 60 years and who have no allergic history. This is in keeping with the known ability of parasites that use a cutaneous route of entry or attachment to induce high levels of IgE, including IgE specific for oligosaccharides. 35, 36 The specific factors that govern the IgE response to a-gal are currently unknown. Future efforts are being directed at understanding the role of T cells in this response and the mechanisms of isotype switch. The authors are intrigued by the notion that it is possible the "natural" Ab response to a-gal is not influenced by the IgE response to the same epitope.
Thus, it could be that allergic patients have 2 different responses against the same epitope that are not related, a mechanism the authors look forward to exploring.
